Follow this and additional works at: https://uknowledge.uky.edu/physastron_facpub Abstract. Energy levels and the corresponding transition probabilities for allowed and forbidden transitions among the levels of the ground configuration and first 23 excited configurations of fluorine-like Fe  have been calculated using the multiconfigurational Dirac-Fock  code. A total of 379 lowest bound levels of Fe  is presented, and the energy levels are identified in spectroscopic notations. Transition probabilities, oscillator strengths and line strengths for electric dipole (E1), electric quadrupole (E2) and magnetic dipole (M1) transitions among these 379 levels are also presented. The calculated energy levels and transition probabilities are compared with experimental data.
Introduction
An interest in atomic data for F-like Fe  arises from the X-ray spectra of astrophysical sources obtained from satellite-borne observatories, such as the NASA Chandra Xray Observatory and the ESA XMM-Newton. In order to analyse the huge amount of observations from these missions, it is necessary to have accurate atomic data. Several papers have been published concerning energy level and radiative rate calculations for F-like Fe. Bromage et al. (1977) calculate wavelengths and oscillator strengths of spectral lines belonging to the 1s 2 2s 2 2p 5 -1s 2 2s 2 2p 4 4d transition array. Fawcett (1984) provide energy levels, wavelengths and oscillator strengths calculated by the HXR method of Cowan (1981) . The ab initio values of Slater radial integrals are optimized on the basis of observed energy levels and wavelengths in their calculations. Sampson et al. (1991) present oscillator strengths and transition energies as well as collision strengths obtained by their relativistic code for 1s 2 2s 2 2p 5 , 1s 2 2s 1 2p 6 , 1s 2 2s 2 2p 4 3l, 1s 2 2s 1 2p 5 3l and 1s 2 2p 6 3l (l = 0, 1, 2) configurations, corresponding to 113 levels. Cornille et al. (1992) 
calculate
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On leave from: Vilnius University Institute of Theoretical Physics and Astronomy, A. Goštauto 12, 2600 Vilnius, Lithuania. energies for the 108 lowest levels, and also wavelengths and radiative transition probabilities using the  program (Eissner et al. 1974) . Blackford & Hibbert (1994) employ the CIV3 code of Hibbert & Glass (1978) for oscillator strengths among the states belonging to the 1s 2 2s 2 2p 5 , 1s 2 2s 1 2p 6 and 1s 2 2s 2 2p 4 3l configurations, while Palmeri et al. (2003) calculate energy levels, radiative and Auger rates for K-vacancy states with  (Badnell 1986 (Badnell , 1997 , the Cowan code (Cowan 1981) and Breit-Pauli R-matrix suite (Burke et al. 1971) .
All of the above calculations contain smaller sets of energy levels and transitions than considered in the present work. In our calculations we employ a larger CI basis than other authors and relativistic Dirac-Fock functions. A large basis of interacting configurations enables us to improve atomic state functions and leads to more reliable energy levels and transition data, as we show below. The 379 lowest energy levels of Fe  are considered, and transition probabilities as well as oscillator strengths among these levels are calculated. A comparison is made between experimental data and our calculations, as well as the theoretical results obtained by Sampson et al. (1991) and Cornille et al. (1992) .
Calculations
We are using the  code of Dyall et al. (1989) , in which the relativistic corrections which correspond in the Article published by EDP Sciences and available at http://www.aanda.org or http://dx.doi.org/10.1051/0004-6361:20034340 non-relativistic limit to mass, Darwin, spin-orbit and a part of spin-other-orbit corrections (Armstrong 1966; Karazija & Jonauskas 2001) are included in one-electron wave functions by solving multiconfigurational Dirac-Fock (MCDF) equations. MCDF, compared with the conventional non-relativistic Breit-Pauli approximation, enables one to introduce direct and indirect relativistic effects into wave functions. This is important, when the contraction of inner orbitals leads to more effective screening of the nucleus, and pushes valence orbitals away from the nucleus. The Breit and QED corrections are considered in the first order of perturbation theory, and the correlation corrections are taken into account by the configuration interaction (CI) technique.
We report results for the 379 lowest energy levels of Fe , originating from 1s presented in the paper. The first column of Table 1 provides an index for the corresponding level, while configurations are presented in the second column using the jj coupling scheme. For brevity, filled 1s 1/2 and 2s 1/2 subshells are omitted in the notation of configuration. Intermediate many electron quantum numbers are shown in the parentheses.
In the third column of Table 1 the energy levels are identified using LSJ spectroscopic notations. The spectroscopic notation corresponds to the configuration state function with the primary contribution in atomic state function obtained in the LS coupling scheme. In some cases at least two levels can have the same identification. If this occurs, the superscript in the parentheses to the term notation marks the index of the lowest level which has the same LSJ characteristic.
To ensure the completeness of the spectroscopic dataset, the reclassification of terms in the level notations in Table 2 is proposed, although the identification of levels in the Table 1 is used through the paper. This is organised as follows. If two levels have the same many electron quantum numbers for a given configuration in Table 1 , the identification of the level with the smaller contribution to the primary atomic state function is changed to that of the secondary configuration state function. If this secondary function is employed for the identification of some other level, then the third configuration state function is checked.
The two major radiative transition probabilities from each level, as well as the total radiative transition probability (important to obtain the lifetime of a level and the branching ratio) are presented in Table 1 . These transition probabilities include the sum of all E1, E2 and M1 results from the level.
Our energy levels are compared with the experimental values compiled by NIST (National Institute of Standards and Technology: www.physics.nist.gov/PhysRefData) in Table 3 . The greatest deviation of 1.4% from the experimental value is obtained for the 2s2p 6 2 S 1/2 level. However the Cornille et al. (1992) value of 1 081 168 cm −1 is higher than our result of 1 079 594 cm −1 , while Sampson et al. (1991) provide a larger estimate (1 088 033 cm −1 ). Palmeri et al. (2003) obtain an energy of 1 064 724 cm −1 for that level. This is closer to the experimental value, but they use improved relativistic wavefunctions obtained in terms of nonrelativistic functions with LS term energy differences adjusted to fit the centres of gravity of the experimental multiplet. Hence their value is not obtained using ab initio calculations, and cannot really be compared with our data. The average deviation between our energy levels and the experimental values is only 0.2%, and does not exceed 0.7%, except for the above mentioned 2s2p 6 2 S 1/2 level. Multiconfigurational wavefunctions obtained after the diagonalisation of the Hamiltonian matrix are used to compute matrix elements of the electric and magnetic transition operators (electric operators are considered in the Coulomb and Babushkin gauges), and later applied for the calculation of transition probabilities, line and oscillator strengths of E1, E2 and M1 transitions. The total number of dipole allowed and intercombination E1-type transitions is 20742, while the complete set of forbidden transitions totals 48330. Table 6 (Tables 6-8 are only available in electronic form at the CDS) includes only transitions for which oscillator strengths exceed 0.001. Forbidden E2-type transitions for which f-values are larger than 10 −6 are presented in Table 7 . Table 8 provides data for M1-type transitions with f-values exceeding 10 −7 . The fairly good agreement between our calculated transition probabilities and the NIST data is illustrated in Table 4 . An average deviation from the experimental values of 10% is (11) found, while differences with the Cornille et al. (1992) data are 16%. Our probabilities for most transitions are slightly smaller than the corresponding experimental values.
The greatest deviation from experiment is for the E1 transition from level 61 (2p 4 3/2 3d 1 3/2 2 D 3/2 ) to the ground state. Our transition probability is 35% smaller than that by NIST, while (12) the value obtained by Cornille et al. (1992) exceeds the experimental transition probability by 53%. On the other hand, our transition probability from the same level to the first excited level differs from experiment by only 4%.
A comparison of our results and those obtained by Sampson et al. (1991) for transition probabilities in Table 4 shows a similar average deviation. As mentioned above, our largest discrepancy of 35% from experimental data is for the transition from level 61 (2p 4 3/2 3d 1 3/2 2 D 3/2 ) to the ground state, whereas for the Sampson et al. (1991) data the disagreement with experiment is 10%. On the other hand, the transition probability from this level to the ground state is a factor of 1000 smaller than that to first excited level, for which the discrepancies of our and the Sampson et al. results with experiment is similar, while their value is larger than the NIST one and our result is smaller.
The largest deviation between the Coulomb and Babushkin gauges for the transitions presented in Table 4 is obtained for transitions from the 1s 2 2s 1 2p 6 2 S 1/2 level to the fine-structure levels 2 P 3/2 and 2 P 1/2 of the ground configuration, but this does not exceed 18%. Coulomb and Babushkin gauges in the nonrelativistic limit correspond to the velocity and length forms of the transition operator. The agreement of the results obtained for these two forms may serve as an additional measure for the accuracy of generated atomic state wave functions. The calculated energy of the initial level, i.e. 1s 2 2s 1 2p 6 2 S 1/2 , as was mentioned above has also the largest discrepancy with experiment. For other E1 transitions in Table 4 these two forms agree within 10%. The average deviation between length and velocity forms for E1 transitions is 5%. These two forms coincide for E2 transitions presented in Table 4 .
Agreement between the two forms carried out for a large CI basis is never good for weak transitions, and results can differ by over an order of magnitude. Results for these transitions are sensitive to mixing coefficients and as well as Table 2 . Spectroscopic identifications of levels which were changed to ensure the completeness of the spectroscopic dataset. Indexes of levels in the first column are taken from Tables 1 and 5 not exceed 20% for most oscillator strengths, and only 13 transitions have larger deviation but which is still less than 60%. The average deviation is 4.7% for f ≥ 0.1 and 9.5% for f ≥ 0.01 (2483 transitions). This is highly satisfactory for large calculations. For E2 transitions with f ≥ 10 −5 , only 4 oscillator strengths of the two forms have differences exceeding 20%, but are still less than 30%. The average of deviation is 1.9% (767 transitions).
The largest contribution of forbidden E2 and M1 transitions to the total radiative transition probability is to levels of the 1s 2 2s 2 2p 4 3p configuration. It exceeds 10% of the total radiative transition probability for 8 levels, 7 of which arise from this configuration. The contribution of forbidden transitions is largest (26%) for level 15 (2p 2 F 5/2 ) the inclusion of these type of transitions corresponds to 21% of the total radiative transition probability. The contribution of E3 and M2 transitions, which are not presented here, is less than 0.1%. Differences between the calculated transition probabilities and experiment are largest (35%) for the weaker transitions from levels of the 1s 2 2s 2 2p 4 3/2 3d 3/2 configuration to the ground state, while for other available experimental data agreement is within 20% and in most cases far better.
The total radiative transition probability and two strongest probabilities from each level have been calculated, taking into account forbidden transitions. Contributions of forbidden E2 and M1 transitions to the lifetimes of levels does not exceed 26%.
Based on the complexity of our theoretical results for Fe  obtained the using relativistic multiconfigurational Dirac-Fock approach, and their agreement with the available experimental values, we conclude that our calculations of energy levels and transition data are reliable. They may hence be confidently applied to the interpretation of astronomical and other spectral observations. For example, absorption lines of Fe  have been detected in XMM-Newton and Chandra spectra of active galaxies (Dubau et al. 2003) , while many transitions have been detected in emission from the Sun (Cornille et al. 1992) . Analysis of these observations using our new atomic data should allow more reliable models of the Fe  absorbing or emitting plasma to be derived. For example, in solar spectra the Fe  emission lines provide a valuable temperature diagnostic (Cornille et al. 1994) . We hope to undertake such work in the future.
